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Conducting  polymers  ilike”  p^ypyrrole)  sho*  super 
capaemve  Sxhavior  1 100-1000  F/ptfi^)  at  low  frequenctesf  Wf.  In 
practical  applicanon.  these  matenalsithin  filmsi  may  be  uoliied  in 
high  energy  capacitors.  The  low-frequency  capaemve  behavior  in 
such  films  IS  ill  defined  and  still  unclanfied  because  of  the 
superposition  of  capacitive  currenis  on  ihe  redo*  process  which 
occurs  at  electroactiye  sites,  The  behavior  has  been  e.splained  in 
several  ways,  for  examp'e.  Jouole-layer  forTnauon(1.2I.  over- 
doping  of  anions(3|.  and  .non-.Vemstian  redo*  processe${3).  In 
the  present  mvestigaiion.  AC  impedance  analysis  was  adopted  to 
clarify  this  behavior  in  elecmcally  conducting  polymers(d-61. 
From  the  impedance  spectra  at  two  different  frequency  regions, 
the  diffusion  coefficient.  D.  of  dopant  anions  and  the  redo* 
capacity.  Cl.  for  ro.imer  films  were  esnmated. 

The  variations  in  redo*  capacity  and  diffusivity  of  anions 
for  polypyrrole  and  other  films  are  compared  with  the  mass  and 
volume  changes  that  occur  during  the  charge-discharge  process. 
The  elecarochemteal  ceils  incorporated  solutions  of  various  lithium 
salts  in  either  aceiontmle  or  propylene  carbonate.  The  polymer 
doping  process  was  facilitated  by  the  transport  of  the  antons  across 
die  etecs~vly  leieiecnode  interface  during  the  anodic  leacoon. 


AC  Impedance  Analysis  ■ 

The  impedance  spectra  of  polymers  e*hibiu  the  behavior 
typical  of  thin  redo*  and  electronically  conductive  polymer 
filmsiUke  polyvinylferrocene).  as  shown  in  Fig. 

At  nigh  frequenctest  region  .A),  charge  transfer  domination 
is  observed  with  a  semi-  circle  and.  ai  lower  frequencieslrtgion  Bi. 
diffusion  of  the  anion  in  the  polymer  film  dominates  the  impedance 
results.  Finally  at  the  lowest  frequencyiregion  O.  the  finite  film 
thickness  limits  ihe  extent  of  diffusion  behavior,  and  the  locus  rises 
vertically,  owing  to  :he  saturation  of  resistance  and  capacitance 
components. 


Fig.l  Typical  Cole-Cole  plot  for  a  conduaing  polymer 
electrode. 


In  the  diffusion  controlled  region,  where  the  impedance 
phase  angle  is  it/4.  the  magnitude  of  the  impedance  is  given  by 


Z> 


[W 


where  Ci.,  D,  and  L  are  the  low  frequency  redox  capacitance, 
diffusion  coefficient  and  the  polymer  film  thickness,  respectively. 
Values  of  C(.  were  estimated  trom  the  low  frequency  impedance 
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dau  (charge  samiation  region;  cik<  -jy.  In  this  range,  the  phase 
angle  approached  it/2  and  Cl  was  calculated  using  Eq.(2]. 


Cl- 


JlO)-'  I 


Fig.2  Reianonship  between -Zunaj -r  cu'* 

At  very  low  frequenciesic  ca.  30  mHz),  the  locus  for  each  film 
becomes  venicol.  and  plots  of  -Z,  vi.  l/ro  become  linear  is  shown 
in  Fig.  2.  From  the  slope  of  the  curves  in  Fig.  2.  the  redo* 
capacitance  <Ci)  of  each  film  was  calculated  by  using  Eq.  [2]. 

At  intermediate  freque.nciesfca.  .10  mHz  <f<  210  mHz), 
each  locus  was  linear  w)ih  unit  slope.  In  this  region,  a  plot  of  Z 
VI.  Of '^2  showed  a  straight  line  in  agreement  with  Eq,(ll.  By 
combining  the  results  for  values  of  Cl  wiin  the  Z  vs.  plots, 
values  of  the  diffusion  coefficiemfD)  were  obtained. 

QCM  &PDM  Analysis 

The  mass  changes  during  both  eleciopolymertzabon  and 
charge-discharge  processes  were  monitored  by  using  a  Quartz 
Crystal  MicrobalanceiQCM).  In  order  to  check  the  volume 
change  in  the  polymer  film  dunng  the  redo*  process.  Phase 
Detecnon  Intert'eromemc  .Microscopy  iPDIM)  was  applied  and  its 
dependence  on  charge/discharge  rates  was  examined. 

Charge-Discharge  Characteristics 

For  example,  polypyrrole  behaved  more  like  a  capacitor 
with  the  linear  increase/decrease  m  the  charge, discharge  curves, 
while  poiyizulene  had  itiat  discharge.  The  iantt  behavior  is  due 
to  Lie  higher  diffusivityiD)  and  higher  redo*  potenttaUEp^)  of 
polyazuleneiD»7  5  *  10'^  cm-  s-';  Epaewca.  3.05  V)  compared  to 
that  of  poiypyrrole(D»l,0  *  10’'*  cm-  s'*.  Epac-ca.  3.35  V). 
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